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Fig. 1. Transmitter model of MC DS-CDMA using both time-domain and
frequency-domain spreading.
can be expressed as
sk(t) =
r
2P
M
M X
m=1
bk(t)ak(t)ck[m]cos(!mt); (1)
whereP representstheidenticaltransmittedpowerofeachuser,
f!m = 2fmg
M
m=1 represents the subcarrier frequency set.
The binary data stream’s waveform bk(t) =
P1
i=0 bkPTb(t  
iTb) consists of a sequence of mutually independent rectangu-
lar pulses of duration Tb and of amplitude +1 or -1, both hav-
ing an equal probability. In the T-domain spreading sequence
ak(t) =
P1
j=0 akjPTc(t   jTc) of the kth user, PTc(t) repre-
sentstherectangularT-domainchipwaveform, whichisdeﬁned
over the interval [0;Tc). We assume that the T-domain spread-
ing factor is N = Tb=Tc, which represents the number of chips
per bit-duration, and short T-domain spreading sequences are
used. Furthermore, we assume that the subcarrier signals are
orthogonal and that the spectral main-lobes of the subcarrier
signals are not overlapping with each other.
In the system studied K synchronous TF-domain spread MC
DS-CDMA signals obeying the form of (1) are transmitted over
AWGNchannels. Weassumethatthepowerreceivedfromeach
user is identical, implying perfect power control. Consequently,
the received signal can be expressed as
r(t) =
K X
k=1
r
2P
M
M X
m=1
bk(t)ak(t)ck[m]cos(!mt) + n(t); (2)
where n(t) represents the AWGN having zero mean and
double-sided power spectral density of N0=2.
As shown in Fig.1 and (1), each TF-domain spread MC DS-
CDMA signal is spread by two signature sequences, one in the
context of the T-domain and another one in the F-domain. The
employment of concatenated TF-domain spreading is beneﬁ-
cial in the context of various detection schemes, allowing us to
achieve a satisfactory trade-off between the affordable detec-
tion complexity and the achievable bit error rate (BER) perfor-
mance. Let us ﬁrst consider the single-user detection of TF-
domain spread MC DS-CDMA signals.
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Fig. 2. Receiver model of MC DS-CDMA using both time-domain and
frequency-domain spreading.
III. SINGLE-USER DETECTOR
Let the uth user be the user-of-interest and consider the
correlator-based receiver of Fig.2, which carries out the inverse
operations of the functions seen in Fig.1. As shown in Fig.2,
the output variable related to the ﬁrst data bit corresponding to
the mth subcarrier of the uth user can be expressed as
Zum =
Z Tb
0
r(t)au(t)cos(!mt)dt; (3)
where u = 1;2;:::;K; m = 1;2;:::;M. Upon substituting
(2) into (3) and considering the orthogonality between different
subcarriers, it can be shown that the output variable Zum of
Fig.2 can be expressed as
Zum =
r
P
2M
Tb
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> <
> :
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k6=u
bkck[m]uk + Num
9
> =
> ;
;
u = 1;2;:::;K; m = 1;2;:::;M: (4)
where Num is a Gaussian random variable having zero mean
and a variance of MN0=2Eb, where Eb = PTb represents the
energy per bit, while ku = 1
Tb
R Tb
0 au(t)ak(t)dt represents the
correlation factor between the T-domain spreading sequences
au(t) and ak(t) of users u and k.
The decision variable Zu of Fig.2, which corresponds
to the ﬁrst transmitted data bit of the reference user u
is obtained by despreading each of the M branch outputs
fZu1;Zu2;:::;ZuMg using the uth user’s F-domain spreading
sequence cu, which can be expressed as
Zu =
M X
m=1
cu[m]Zum
=
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; (5)
where u = 1;2;:::;K, Nu = 1
M
PM
m=1 cu[m]Num, which is
a Gaussian random variable having zero mean and a variancebg =
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Note that, nm of (18) is a zero-mean Gaussian random vector
having a covariance matrix of
E[nmnT
m] =
MN0
2Eb
Rt: (20)
For the separate TF-domain MMSE/decorrelating MUD, the
N variables of (15) associated with the N user groups are ﬁrst
processed by a MMSE algorithm with respect to each of the M
subcarriers and the results can be expressed as
zm =

Rt +
MN0
2Eb
I
 1
Z[m]
=
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m = 1;2;:::;M: (21)
Let

Rt + MN0
2Eb I
 1
Rt = fqijg. Then the nth element of zm
corresponding to the soft output matched to the nth group can
be expressed as
(zm)n = qnn
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+In +
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; (22)
where In =
PN
i=1
i6=n
qni
PK
=1 bic[m] is the residual interfer-
ence imposed by the other (N  1) user groups after the MMSE
processing.
Upon despreading (zm)n with the aid of the F-domain
spreading sequences fc1;c2;:::;cKg employed by the K num-
ber of users in the nth group, it can be shown that the despread
outputs can be expressed as
Fn = qnnRfbn + nf + If; (23)
where
bn = [bn1;bn2;:::;bnK]
T ; (24)
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In  c[m]; (27)
where  = 1;2;:::;K.
Following the decorrelating based processing of (23) using
the inverse of Rf, ﬁnally, the decision variables associated with
the K number of users in the nth group can be expressed as
R
 1
f Fn = qnnbn + R
 1
f nf + R
 1
f If; (28)
and the transmitted data bits of the users in the nth (n =
1;2;:::;N) group can be decided according to ^ bn =
sgn

R
 1
f Fn



for  = 1;2;:::;K.
Note that as shown in (12), the joint TF-domain MMSE de-
tector has to compute the inverse of (R + N0
2EbI), which has
the rank determined by the number of users K, which may
be as high as MN. Therefore, the complexity of the joint
TF-domain MMSE detector is on the order of O(K3), and is
of O(M3N3), respectively, when the system operates under
full user load. By contrast, in the context of the separate TF-
domain MMSE/decorrelating MUD, the detector is character-
ized by (21) and (28). The rank of the correlation matrices
associated with the T-domain detection is N, while the rank
of the correlation matrices associated with the F-domain detec-
tion is K, where K may be as high as M, when the system
is fully loaded. Hence, in the context of separate TF-domain
detection we have to compute the inverse of a N-rank matrix
for the sake of T-domain detection associated with each of the
M subcarriers. Similarly, the inverse of a K-rank matrix as-
sociated with each of the N user groups has to be determined
for the sake of the corresponding F-domain detection. Notice
that the inverse of the N-rank matrix required for T-domain de-
tection only has to be computed once and it can be used for
all subcarriers. Similarly, the inverse of the K-rank matrix re-
quired for F-domain detection is also computed only once and
it can be used for all user groups. Therefore, the complexity
of the separate TF-domain detection schemes is on the order
of O(N3 + K3), which is limited to O(N3 + M3), when the
system is fully loaded.
V. PERFORMANCE RESULTS
Figs. 3 and 4 compare the BER versus SNR per bit of Eb=N0
performance of TF-domain spread MC DS-CDMA using the
parameters of N = 15; M = 7 for the cases of light load in
Fig. 3 and for full-load in Fig. 4. The results show that for both
types of load, the joint TF-domain MMSE MUD achieves the
best BER performance, which is close to the single-user BER
curve. Explicitly, the BER curve of the correlation based detec-
tor exhibits an error ﬂoor at high SNR per bit value. In the con-
text of the separate MMSE/decorrelating MUDs, we observe
that the separate MUD signiﬁcantly outperforms the conven-
tional correlation based detector, while is outperformed by the